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mbimensional Analysis

aution !!!

* ® Hydrogen atom
\ M2 X 2 ML\ (M L?y:
E _ YITHZ] — MX
Eul = o = [z = e (M) (M5
X+ Y+ z =1, X = 1,
3y + 2z =2, = {y — 2,
Zy_l_ Z:2/ S _2,
Fro o me (Ze?)?
(47T€0)2hz,

But, that clearly is not all of it!
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aution !!!

£ ® The true formula must depend on c:

B L= —20% (mec?)
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IFundamental Distance

* ® De Broigli wave-length:
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non-relativsitic

As

escape velocity

o 2 GN mm_|_5 2(—;N mm+s

2G 2+ E 27Th
rg ~ Ay = N(mzzc_l_ S)N EC
S
thiﬂgS are += [ES i \/Emp Cz,j

Tuesday, November 1, 11



undamental Distance

SI Equivalent

Part.Phys. Equivalent

1.61625x10~3° m

Expression

lp = /"N

e—

tp = )
ElL Charge® gp = +/4meghc
_Temperature Tp = émpc2

2.17644x 10~ 8 kg

5.39124x10 %5

1.87555x10~18 C

1.41679x10%2 K

1.220 86 x 101° GeV/c?

e/+/oae =~ 11.7062 ¢

Quantity Particle Physics

SI Equivalent

%f W bnergy x MeV
@ :Mass x MeV/c?

L

x X 1.60218 x 1
x X 1.78266 X ]
x X 197327 x 1
X X 6.58212 x 1

0-137

0~V kg

0~ Bm
022

~

[ % j =

Q Length  x/ic/MeV
_» Time x 1/MeV
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istorical Inventory & Lessons

Production

® Cosmic rays: the spectrum includes very high-energy
particles, but is completely uncontrollable

£ ® Radioactive materials: a,- - and y-particles, neutrons...
S0 irradiated (by, say, synchrotron radiation) materials...
. I;l’- /

__; } é’f |

® Particle accelerators (& targets), beam-to-beam colliders
accelerate by means of electric and magnetic fields

® Detection

@ Geiger, scintillation and Cherenkov-counters

® Cloud,- bubble,- spark,- proportiogal chambers
Linked by ";!

S coincidence triggers
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istorical Inventory & Lessons

... a socio-political digression

B Experimental Predispositions

~ ® In 1909 a table-top experiment discovered the nucleus
| )
means

b, n
i8S e __.besurprised. Had enchantJ" %o C
ad the? ith wire
¥ &) ® In the latter half of the not j;t_oﬁ frog legs /—_‘J
/s . 20th century...
o o ...a G$-worth hole in the ground was filled back (more$)

- ® CERN is a multi-national/political /budget/ ... facility
® The US DoE (funds e.g. Fermilab) has —18.9% budget...

® ...youmay need to learn Mandarin.
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istorical Inventory & Lessons

... a socio-political digression

- Experimental Predispositions

® Nowadays, high-energy/elementary particle experiments

¢° o are carefully orchestrated multi-national/political/budget
endeavors, planned and executed on 5-15+-year scales

® willy-nilly test known theory, and are limited thereby

* 7+ ® No more “unbridled”/accidental experimenting...

® While theory develops (tempus fugit) by leaps and bounds

""\"."" ® Need an experimental paradigm radically different from
D

t_% ® smashing experiments (d la Rutherford)

b" | ® waiting experiments (proton decay)

—_
S .
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lementarity

... the modern version of Democritus’ idea

® Fundamental interactions

® Electromagnetic interaction (Maxwel equations)

® Strong nuclear interaction
® ~1930: something like that must exist
® after 1970-'80: QCD

// ® Weak nuclear interaction
® before 1970—'80: Fermi's f-decay and....
® after 1970-"80: weak (now electro-weak) interaction

® (Gravitation

N
!l.._xf ® Are all gauge (German: eichen) Interactions
N 9
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lementarity

... the fusion of particles and their interactions

Nuclei and electrons interact via Coulomb’s field

» Coulomb’s field adapts to nuclear and electron motion

.~ at the speed of light

r
',.

® Nuclei and electrons are imagined as particles

. ® Electromagnetic field — as a continuum

o

A
@ /.
// ff—,’% And changes in the electromagnetic field?

~ o Field quantization = quantization of changes in the field

@ o The field itself is continuous, in which changes are:
t»% __ ® particles, if localized in position space
R ® waves, if localized in momentum space

-
> “%ﬁ 10
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lementarity

... the fusion of particles and their interactions

Coulomb’s field is a (background) continuum
| L_ Quanta of the change in Coulomb’s field are particles

| '® Background continuum of Coulomb’s field may be
" viewed as a (Bose-)condensate of photons

-~ .

® Besides:
/e

-~ ® In the EoM of the field, p*- and e--currents = “source”
~ o In the EoM of p* and e, the field provides nonlinearity

oncme <o

i Oy
47te 0 ]
I 4-current

¥, [incyo, —mP1] ¥ g A0 TS

| interaction §
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istorical Inventory & Lessons

... a telegraphic review

I @ ].J. Thomson (1897): cathode rays thru crossed EM
field so there is no deflection.

=> both speed and the charge/mass ratio
= “constituents” of cathode rays, e-, have a feececceen, mass
= atom consists of electrons inside a positive lump

® E. Rutherford (JJT’ student, 1909, H. Geiger & E. Marsden): a-

- rays on gold foil; the atom’s positive charge is concentrated in
~ a nucleus ~10,000 X smaller than the atom.

J’J

,.9\" => N. Bohr (ER’s postdoc, 1913): ad hoc quantum model:

h‘:’ Why? B/c that’s what “works.”

® Angular momentum H-atoma = (integer) x /.
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iHistorical Inventory & Lessons

... a telegraphic review

-1 J. Chadwick (ER & HG’s student,1928-32): experimental
detection of the neutron and named it.

_‘ < 1932: only e-, p* and n0.
. .40 Photon:
& . ® M. Planck (1900): quantum emission of radiation

/e A.Einstein (1905): EM radiation quanta = photons
" o AH. Compton(1923) A\ = xc(l-cose) Ac =h/mc

= o Coulombs ﬁeld =“sea’ of photons
(condensate, i.e. a collective of photons behaving as one)

e ¥
55 3
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istorical Inventory & Lessons

... a telegraphic review

| Until 1924 (de Broiglie) — 1926 (Schrodinger),

® the photon particle implied that EM radiation is not a wave

- ® classical interaction: each charged particle has a field,
which instantaneously creates a force on the other particle

® interaction mediated by photons:

o /% ® one particle emits a photon

® the photon travels

' Y
3 mmp |
r ® the other particle absorbs the photon nor 0 _ e

® 1932, W. Heisenberg: isospin (& E. \@1937)

5 ® 1934, H. Yukawa: strong interaction mediators
=3y
vy 14
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istorical Inventory & Lessons

... a telegraphic review

1934, H. Yukawa: strong interaction has ~10-15> m range

—1/1y
V(r) =g~
r
n 2
My ~ ﬁ’ so that m ~ 150-200 MeV /c7,

i ® 1937 (C.D. An ersen & S.H. Neddermeyer, East
/ J.C. Street and E.C. Stevenson, West): mesons

1946, Italy: these d Q not interact strongly, ~106 MeV /2

“5e 1947, R. Marshak & B Bethe proposed
U C.Paowell (w/CMG. La ses, H. Muirhsad and G.P. Oc Ochialini)
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istorical Inventory & Lessons

... a telegraphic review

® Anti-particles

® Dirac equation: 1st order in space & time

® Solutions with both E >0 and E < 0.
e States with E < Ep are filled (Pauli’s principle!) = “sea”

® “hole” in the sea = antiparticle

® Aholein the e-sea = p* (E. Wigner: et ~ ¢-)

e Stiickleberg-Feynman: e+ = (e-, backwards in time)
® 1931 (C. Anderson): e* is experimentally verified.

® Same theory (Dirac equation) then implies an anti-
particle for every spin-Y5 fermion.




istorical Inventory & Lessons

... a telegraphic review

® Crossing symmetry
® Ifthe A+ B~ C + D reaction exists, so do
e AsB+C+D,
0A+C9B+D

e C+D>A+B" 7
® For example:

~"| Compare !! }

®y+te >y+te = y+e+ y+e+

[ ® Principle of detailed balanceg, ‘~ reversing time)
®* A+B>C+D = C+D9A+B

-ﬁ“ﬂhf ® These principles permit new processes dinamically,
e even if they are kinematically forbidden.
h:*

N
' s |7

—
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istorical Inventory & Lessons

... a telegraphic review

® Neutrini

® 3-decay: A> B+e-
® B, = (ma2 - mg2+m2) c2/(2ma)
® In experiments, this is max(E,), and E, varies.

® N. Bohr: maybe energy conservation fails?
® W. Pauli: No, but there is a third, invisible particle

® the “neutron” name was taken by Chadwick N
® 5o E;Ferml named it: ileutrmo { essON: tm\S;WS‘. \
ST >U Vv, Wrvete +v.. Congetva’uon i

In Powel’s photographs,
® u-veers 90° from 7; & e~ 90° from y—/(
® E,is fixed in the 1st decay, E. varies in the 2nd one.



istorical Inventory & Lessons

... a telegraphic review

® Cowan & Raines (1950s) sought inverse 3-decay,

Ve + p* > n0 + e* in a giant water tank.

® Very small effect, so they developed the methodology to
- identify the resulting positron.

® Davis & Harmer: is neutrino = anti-neutrino?

® No: v, +n%-> p* + e happens, v, + n° > p* + e~ doesn't.
it o 1953 (Konopmskl i Mahmoud):
preserved lepton number.

- ® By 1962
o leptons (don't interact strongly)
® hadrons (do interact strongly).

erl, 11



istorical Inventory & Lessons

... a telegraphic review

® Strange particles
_ o K*, K% K° (4941498 MeV/c?)
. ‘ ® Butler, 1947: KO > - + 7+,
. ® Powel, 1949: K* > 7+ 7* + .
=% e Anderson, 1950: A9 p* + 7.
/%  ® Why does p* > e* + v, not happen?
4= o Preserved barion number (Stiickelberg 1938.);

® Strangenes number (Gell-Mann, 1965.):
® preserved in creation (strong int.),
® violated in decays (weak int.).

20
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istorical Inventory & Lessons

._ ... a telegraphic review
i © Eightfold way
® A puzzle of particles of like masses, plotted by charges:

& @ electric
(O strange

~ ® 1964: experimental confirmation ® prediction betting avg.
@ by ~1963: puzzle is very arbitrary (~7/26)

* © Final form, using S U(3) symmetry & quarks

= ® For example, no (sss) bound state within the p* octet,

but yes in the decuplet

21
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istorical Inventory & Lessons

3 ... a telegraphic review
& Pauli’s exclusion principle applies

2 ® Fermions lep tonst quarks  copy ?!
p Spin-Ya: {(e ,ve) u,d)}, lightest

{( )Vy) (C,S)}, medium “Supstance”
{ ;Vr) (t b)} heaviest

q‘P BOSOIlS Bose condensate prov1des the continuous (statlc) ﬁeld

;;g ® Spin-0: Higgs
" <o Spin-1: vy, W#, Z0, gluons (8) ‘Mediators

¢ éj o Spm -2: graviton
‘h‘i’

P T""O And...

E
i .

o s
;%
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ementary Particle Inventory

ELEMENTARY PARTICLES

| CONTEXT | MASS IJHHFuE[ SPIN |:_:'§;-T=|';;'Ej-ﬁEETH' RAMBE | OBSERVED? SPARTICLE.

BOSOMS (forces)

GRAVITON grawity 1 I 2 10-33 infinite f gravitino
FHOTOH electromagnetism 0 ] 1 10-2 infinite e photino
GLUOH strong force 0 0 1 1 10-1= indirectly gluino
WEARE GAUGE BOSONS
Lt weak force 20,000 1 1 10-13 1p-18 yes W4 wino
L= weak force 80,000 -1 1 10-13 10-16 yes W= wino
2 weak force 21,000 a 1 10-13 10-18 yes zino
HIGES BOSOH weak force =78,000 i 0 e 2 | cno Higgsino

e T e e T e ey e e ey
FERMIONS [matter])
LEFTONS, FRIILY 1

ELECTROHM tadicactive decay 0,51 -1 1fz nta nfa  yes selectron
ELECTROM HEUTRIHO atomic structure 0t a il nta nta e electron sneutring

QUARKS, FARILY 1

P atomic nuclai 5 213 1fz nta nfa  indirectly up squark
Do atomic nuclei g -1/3 1z ni a nfa  indirectly down squark
LEPTaMNG, FRHILY 2

MUON 106 -1 e nta Afa | e muon slepton
MUOH HEUTRIMO w2 i e nta nia | gas Muan sneutring

QUAREKS, FAMILY 2

CHARHM 1,400 K 1 nta nfa  indirectly charm squark
STRAMGE 170 -1/3 i nta nfa indirectly strange squark
LEFTOMS, FRMILY 3

TAU 1,784 -1 1)z nta nta e tau zlepton

TAL HEUTRIMO =35 0 1/2 nta nfa  yes tau sneutrino

QURRKS, FRMILY 2
TOF 174,000 213 e nta nfa  indirectly top squark
EOTTOM 4,400 -1/3 i nta nfa indirectly bottom squark

Bttp: / 7WWW.sz.org7wgBE /nova/ elegant7part—f|asﬁ.html
23
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http://www.pbs.org/wgbh/nova/elegant/part-flash.html
http://www.pbs.org/wgbh/nova/elegant/part-flash.html

i Zlementary Particle Inventory

el

Name [ Energy Spin Q ;W)

" \

Ve Ve Vel 415 0 +15
<3eV|] <0.19 MeV| <18.2 MeV

& i T 415 -1 _14
D11 MeV 106 MeV 1.78 GeV

y- 112 u,u,u C,C,C ttt 11/ 12/ 11
o 411.5<4.5 MeV| 1.0-1.4 GeV| .17-.18 TeV

o N
/‘ dd,d S,8,8 bbbl i, 1/, 1
0<8.5 MeV) .08-.15 GeV/ 4.0-4.5 GeV.

&N v photon, W*, Z9, gluon & graviton.

& Higgs particle.

._

24
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Mass [giga-electron-voits)

FERMIDNS"® BOSONS ——
First Second Third ‘
Generation Generaton  Generation
Top quark Higgs
z
W
10° Bottom quark
Charm quark
10" Tau
ﬁ Strange guark
10™
Mison
Down quark
10t
Up quark
i ]
Etectron
10
S T e T MASSLESS
11] 1 . EUSUHS
Muon- 3
neutrino Tau- _}' Photan
10°tt — Electron- a' neutring

neuTrng

_ . Gluon
2

e

25

lementary Particle Inventory

/ /universe-review.ca/F15-particle.htm

http


http://universe-review.ca/F15-particle.htm
http://universe-review.ca/F15-particle.htm

Elementary Particle Inventory

Leptons Quarks
e, Ut u, c, 1

V, d, s, b

Photon Gluons

Interactions

Higgs Boson

http://ebiquityumbc.edu/blogger/wp-content/uploads/2008/07/socparticlesl.png
26
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http://ebiquity.umbc.edu/blogger/wp-content/uploads/2008/07/socparticles1.png
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icle Inventory

. r '
Laldgiv I':.-H"

Rokar svstems

Hydrogan atom

WS arlr i iscll o

/ /universe-review.ca/F15-particle.htm

Protons N ",
z Eh=ctron i W
Cheyqen afom by LG J .o
Meutrans Y |

http

Mloutron Giscay
i - Bt olecay
i T Meutfing interachan

| 2 [eT S T T sl EEEron |;|...1rti|:‘!|_- el ey Bopnangy of the Sur
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g = | em
‘ﬁ‘ Crystal
‘ Size Ratin: 1 /10,000 .000

10”7 em
Kolecule ———

-7
10-10"em Macro-molacule

1/1

1/10,000

P |
1071 em

Atomic nucleus

http://universe-review.ca/F15-particle. htm

1/10
&
10713 em .'I 1' %
€ \ | ™
Proton £
N
h.r-"'*’ :
1/1,000 = D, T ‘
-
<10 1% em e
Electron, £
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http://xkcd.com/482/
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Iementary Particle Inventory

Students—such as you—
have, originally “by hand”,
measured and computed
trajectories, curvatures,
charges, masses, ...

Nowadays, mostly done by

computers... ©

..no longer an opportunity

for a nice summer job... ®
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Thanks for staying
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